We report on EPPS16 -the first analysis of NLO nuclear PDFs where LHC p-Pb data (Z, W, dijets) have been directly used as a constraint. In comparison to our previous fit EPS09, also data from neutrino-nucleus deeply-inelastic scattering and pion-nucleus Drell-Yan process are now included. Much of the theory framework has also been updated from EPS09, including a consistent treatment of heavy quarks in deeply-inelastic scattering. However, the most notable change is that we no longer assume flavour-blind nuclear modifications for valence and sea quarks. This significantly reduces the theoretical bias. All the analysed data are well reproduced and the analysis thereby supports the validity of collinear factorization in high-energy collisions involving heavy nuclei. However, flavour by flavour, the uncertainties are still rather large.
Introduction
We have lately released a new set of nuclear PDFs, EPPS16 [1] , which is meant to supersede our earlier parametrization EPS09 [2] . The most important reforms with respect to EPS09, and also differences in comparison to the DSSZ [4] and nCTEQ15 [3] analyses, can be seen from Table 1 . The new experimental input in EPPS16 consists of measurements of neutrino-nucleus deeply-inelastic scattering (DIS), Drell-Yan process in pion-nucleus collisions, and heavy-gaugeboson and dijet production in LHC p-Pb collisions. On the technical side, we have moved from the zero-mass variable flavour number scheme (ZM-VFNS) to the SACOT-χ general-mass variable flavour number scheme (GM-VFNS), and we have freed the flavour dependence of the quark nuclear modifications. Also, we no longer assign ad-hoc weights on data sets. As in EPS09, we define the bound-proton PDFs f
where
is the free-proton PDF (here, CT14NLO [5] ), and R A i (x, Q 2 ) the nuclear modification which we parametrize at the charm-mass threshold Q 2 = m 2 c . The functional form we have in mind is similar to that shown in the upper panel of Figure 1 : at small x we would expect shadowing (R A i < 1), followed by antishadowing at mid x (R A i 1), and then an EMC effect at large x (R A i < 1). We parametrize the nuclear mass-number (A) dependence at x → 0, x = x a , x = x e (see Figure 1 , upper panel) at the parametrization scale as
A 12
This, by construction, forces larger nuclear effects for larger nuclei. Unlike in EPS09 where we set
, we now allow all the valence and light sea quarks to have their own independent nuclear modifications. In comparison to EPS09, the data input in our new analysis has undergone a significant increase in both amount and variety. As illustrated in Figure 1 (lower panel) , the new LHC p-Pb data probe the nuclear PDFs in a completely different (x, Q 2 ) region than the older data. We have also changed the way how we use the old fixed-target DIS measurements: In EPS09 we included the data that the experiments had corrected for the unequal amount of protons and neutrons in the target. In EPPS16 we use the original, uncorrected data to avoid the potential bias caused by the external corrections and to gain more sensitivity to the flavour separation. The neutrino data in our fit come from the CHORUS collaboration [9] with the full information on bin-tobin correlated systematics. Following the ideas presented in Ref. [6] , the neutrino cross-section data are always normalized to the integrated cross sections at given neutrino-beam energy. This helps in reducing the theoretical as well as experimental uncertainties while sill retaining a clear sensitivity to the nuclear modifications. The LHC p-Pb data are always incorporated as forward-to-backward ratios. Again, this is to make the constraints more robust against theoretical and experimental uncertainties. During the fit, the LHC observables are evaluated with the aid of precomputed look-up tables. This enables a fast and accurate NLO-level treatment "on the fly".
Experimental data and their treatment

Results
The final EPPS16 nuclear modifications at Q 2 = 10 GeV 2 are presented in Figure 2 where we also compare them to the corresponding nCTEQ15 results. The error bands shown are 90% confidence levels, based on hypothesis testing. In the case of EPPS16 they correspond to a global tolerance of ∆χ 2 = 52. We have explicitly checked that the results are very similar to those with a dynamic tolerance criterion [7] . The central values of up and down valence-quark modifications in EPPS16 are mutually very alike. This in contrast to the nCTEQ15 results where the two show a quite different behaviour. We believe these differences originate from the facts that the nCTEQ fit did use the isoscalarized DIS data and that it did not include neutrino DIS data. The form of the fit functions may play a role as well. Also the sea-quark modifications come out quite similar in EPPS16 for all the flavours, even though they were free at small and mid x. The strange-quark modification is clearly less constrained, though. Overall, the nCTEQ15 uncertainties appear much smaller for the sea quarks. The basic reason for this is that nCTEQ15 did not allow any flavour freedom for the sea quarks. For the gluons, the nCTEQ15 uncertainties are clearly larger than those of EPPS16. Here, the role of the new CMS p-Pb dijet measurements [8] , compared in Figure 3 with the EPPS16, nCTEQ15 and DSSZ [4] nuclear PDFs, is essential: While the nCTEQ15 prediction encloses these data very well, the uncertainties are much larger than those of the EPPS16 analysis, in which these data are now included. The DSSZ PDFs clearly undershoot the dijet data for its very mild gluon nuclear effects. The importance of the dijet data within the EPPS16 analysis is illustrated in Figure 4 (left panel) which shows the χ 2 contribution of these data as a function of the "strength" of the gluon EMC effect (the difference between the antishadowing maximum and EMC minimum, see Figure 1 ). If these data are excluded from the fit, the central result (called Baseline in Figure 4 ) indicates no EMC effect for the gluons, but once these data are included, the χ 2 decreases significantly and a clear EMC effect develops. Similarly significant is the role of CHORUS neutrino DIS data [9] . If these data are not included, the central result indicates a clear difference between R A u V and R A d V , as shown in Figure 4 (right panel). The effect of these data is to shift the central result to a region where
with around a hundred-unit decrease in χ 2 .
Summary
We have described the EPPS16 analysis of nuclear PDFs. This is the first analysis that directly includes constraints from the LHC p-Pb data. The most important LHC data set is currently the CMS dijet sample that helps in constraining the large-x gluons. The neutrino DIS data are included Figure 1 ) from a fit excluding (red) and including (green) these data. Right: As the left panel but for the CHORUS neutrino data [9] as a function of the valence-quark parameter combination y as ratios to the integrated cross sections and these data provide important constraints for the valence quarks. The EPPS16 parametrization is also the first one to consider a full flavour decomposition for the quarks thereby significantly reducing the theoretical bias. The analysis supports the validity of collinear factorization in nuclear collisions in a largest (x, Q 2 ) domain examined to date. However, the uncertainties are still large flavour by flavour.
